The changes in cancer cell surface molecules and intracellular signaling pathways during tumorigenesis make delivery of adenovirus-based cancer therapies inefficient. Here we have identified carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) as a cellular protein that restricts the ability of adenoviral vectors to infect cancer cells. We have demonstrated that CEACAM6 can antagonize the Src signaling pathway, downregulate cancer cell cytoskeleton proteins, and block adenovirus trafficking to the nucleus of human pancreatic cancer cells. Similar to CEACAM6 overexpression, treatment with a Src-selective inhibitor significantly reduced adenovirus replication in these cancer cells and normal human epithelial cells. In a mouse xenograft tumor model, siRNAmediated knockdown of CEACAM6 also significantly enhanced the antitumor effect of an oncolytic adenovirus. We propose that CEACAM6-associated signaling pathways could be potential targets for the development of biomarkers to predict the response of patients to adenovirus-based therapies, as well as for the development of more potent adenovirusbased therapeutics.
Introduction
Adenovirus-based cancer therapies hold promise for treatment of malignancies resistant to conventional therapy. The nonreplicating Ad-p53 and the replication-selective oncolytic adenovirus (RSOA) H101 have both been approved for head and neck cancer therapy by the Chinese State Food and Drug Administration (1), and both therapeutics have shown encouraging results when combined with chemotherapy (2, 3) . Unfortunately, adenoviral monotherapy has demonstrated only limited efficacy (4) (5) (6) . In addition, several tumor types, including pancreatic cancer, are poorly responsive to RSOA (7) (8) (9) , suggesting that the genetic variability between tumors may play a key role in determining the infectivity of adenovirus vector. Genetic alterations underlying tumorigenesis can lead to changes in cell-surface molecules and intracellular signaling pathways that might affect the ability of adenovirus to infect and replicate efficiently in cancer cells.
There is increasing evidence that cellular signal transduction pathways affect adenovirus infection. Adenovirus endocytosis via αv integrins requires phosphoinositide-3-OH kinase and actin cytoskeleton reorganization mediated by Rho family GTPases (10, 11) ; cell signaling pathways are required not only for adenovirus vector cell entry, but also for subsequent intracellular trafficking and viral replication; for example, PKA is required for effective nuclear targeting of adenovirus, and p38-enhanced nuclear targeting of adenovirus is dependent on the downstream MAPK-activated protein kinase 2 (MK2) (12) . The adenovirus-induced onco-genic Raf/MEK/ERK signaling pathway enhances viral progeny by sustaining the levels of viral proteins (13) .
A well-known factor limiting the efficacy of adenovirus-based therapy has been shown to be paucity of expression of the Coxsackie and adenovirus receptor (CAR) on some tumors (4, 5, 14) . While binding and endocytosis of adenoviral vectors into target cells are both necessary, they are not sufficient for successful gene delivery (15) . Successful adenoviral infection also requires the ability to elicit membrane ruffling, macropinosome formation, effective trafficking to the nucleus, replication, lysis, and the induction of a migratory phenotype (16) . These depend on the interaction of the virus and host cells. It has become evident that intracellular genetic alterations of tumor cells play an important role in the viral infection. The identification of cellular components affecting the life cycle of adenovirus will open up a new avenue to enhance the efficacy of adenovirus-based therapeutics. To this end, we screened a panel of pancreatic cancer cell lines for sensitivity to adenovirus and then examined differential gene expression between adenovirus-sensitive and -insensitive cells by Affymetrix array analysis. Interestingly, we found that expression of carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6), a gene with a well-documented role in tumor invasion, metastasis, and drug resistance (17) (18) (19) (20) , correlates with the sensitivity of tumor cells to adenovirus. Further stepwise investigations demonstrated that CEACAM6 blocked adenovirus trafficking to the nucleus through the Src pathway, which interferes with the cytoskeleton of cancer cells, resulting in attenuated infectability by adenovirus. siRNA-mediated knockdown of CEACAM6 significantly increased adenovirus replication and antitumor efficacy of oncolytic adenovirus in vivo. cancer patients to oncolytic adenovirus, we first screened the sensitivity of 13 human pancreatic cell lines to replicating adenovirus. Different tumor cell lines showed variable responses to oncolytic adenovirus ( Figure 1A ). PaTu8988t and PaTu8988s cells derived from the same patient showed significantly different responses to adenovirus. In order to investigate the underlying mechanism, we analyzed CAR expression and adenovirus infectivity using an anti-CAR antibody (Figure 1 , B and C) and nonreplicating Ad-CMV-GFP virus ( Figure 1D ) by FACS and immunocytochemistry. While higher GFP expression in PaTu8988t than in PaTu8988s cells was consistent with its greater sensitivity to the downstream oncolytic effects of this virus, CAR expression was actually lower in adenovirus-sensitive PaTu8988t cells compared with adenovirus-insensitive PaTu8988s cells. Given that replication of adenovirus in PaTu8988t was greater than in PaTu8988s cells ( Figure 1E ), it is likely that other genetic changes beyond low CAR expression are responsible for the different outcomes of adenovirus infection observed between these 2 cell lines, which represent a suitable model to discover such genes.
CEACAM6 is a tumor-associated gene that correlates with the sensitivity of pancreatic cancer cells and colorectal cancer cells to adenovirus. To identify those intrinsic tumor genes that potentially affect the potency of oncolytic adenovirus, the Affymetrix GeneChip (U133 Plus 2.0) was used to compare the gene expression profile of PaTu-8988t and PaTu8988s cells. The gene expression profile of PaTu8988s and PaTu8988t is shown in Supplemental Table 1 (supplemental material available online with this article; doi:10.1172/ JCI37905DS1). CEACAM6 is one of the top 11 genes differentially expressed between the 2 cell lines, showing 89-fold higher expression in the PaTu8988s cell line (adenovirus-insensitive) compared with the PaTu8988t cell line (adenovirus-sensitive) (P < 0.001). Given the well-documented functions of CEACAM6 in cancer, we chose this gene as the first target to investigate further. In order to validate the correlation of CEACAM6 expression with virus sensitivity, the 4 most adenovirus-sensitive cell lines (Panc-1, MiaPaCa-2, HPDE, and PaTu8988t) and the 4 most insensitive cell lines (EC 50 >100 particles/cell [pt/cell]; Suit-2, PaTu8988s, Capan-1, and Capan-2) in the panel were investigated for CEACAM6 expression by quantitative real-time PCR (qPCR). As shown in Figure  2A , in 7 of 8 human pancreatic cell lines examined, CEACAM6 expression correlates inversely with the sensitivity to adenovirus (r 2 = 0.9112, P = 0.0004). CEACAM6 protein was undetectable in all sensitive cell lines but expressed at high levels in 3 of 4 adenovirus-insensitive cells ( Figure 2B ), consistent with mRNA expression.
To determine whether the relationship between CEACAM6 expression and sensitivity to adenovirus existed in other tumor types, 3 colorectal cancer cell lines were investigated in a proof-of-principle experiment. The sensitivity of these 3 cell lines to adenovirus ( Figure 2C ) also inversely correlated with the level of CEACAM6 expression ( Figure 2D ). Only HT29, the cell line least sensitive to adenovirus, expressed a high level of CEACAM6. The sensitivity of the 3 cell lines to adenovirus was not related to the expression of CAR and integrin (Figure 2, E and F). These results suggest that CEACAM6 expression is inversely correlated with the sensitivity of cancer cells to adenovirus. CEACAM6 may be a useful biomarker for predicting the response of tumor cells to adenovirus-based gene therapy.
Overexpression of CEACAM6 in adenovirus-sensitive cancer cells reduces their infectability by adenovirus. To assess the functional significance of elevated CEACAM6 expression for adenovirus infection, we investigated whether stable overexpression of CEACAM6 in cancer cell lines could alter their infectability by adenovirus. For this purpose, stable CEACAM6-expressing cell lines PaTu8988t-CEACAM6 and HCT116-CEACAM6 (neither of the parental lines of these clones expresses CEACAM6) and empty vector-transfected control cells were established by transfection with pML1-CEACAM6 and pML1-Hyg vectors, respectively, in which CEACAM6 expression was induced by zinc sulfate (17) . CEACAM6 expression in the stable cell lines was verified by Western blot analysis and immunofluorescence staining ( Figure 3 , A and B). Intriguingly, overexpression of CEACAM6 led to more than 4-fold reduction in sensitivity to adenovirus in PaTu8988t and HCT116 cells compared with the vector-transfected cell lines ( Figure 3C ). Consistent with this, adenoviral infectivity and replication in CEACAM6-overexpressing PaTu8988t cells was also significantly reduced ( Figure 3 , D and E). These results demonstrate that CEACAM6 overexpression reduces the infectability of tumor cells by adenovirus. In order to further validate the effect of CEACAM6 on adenovirus infection, rescue experiments were performed to confirm that knocking down CEACAM6 expression in the cells that are transfected to overexpress CEACAM6 can restore the phenotype of the parental line. As shown in Supplemental Figure 1A , CEACAM6 expression in the PaTu8988t-CEACAM6 stable cell line was downregulated either by CEACAM6-specific siRNA or by withdrawal of zinc sulfate. The adenovirus infectivity (Supplemental Figure 1B ) and cytotoxicity (Supplemental Figure  1C ) in these 2 conditions were significantly rescued.
Downregulation of CEACAM6 by siRNA enhances the infectability of cancer cells by adenovirus. In order to further validate the effect of CEACAM6 on adenovirus infection and explore an approach to enhancing the sensitivity of tumor cells to adenovirus by targeting CEACAM6, we investigated whether downregulation of CEACAM6 by siRNA could enhance the infectability of tumor cells by adenovirus. Given that Suit-2 cells inherently express high levels of CEACAM6 and have a higher transfectability for delivery of siRNAs compared with PaTu8988s cells, this cell line was chosen to evaluate the effects of CEACAM6-specific siRNA on adenovirus infection. After optimization, we confirmed that CEACAM6 SMARTpool siRNAs almost completely suppressed CEACAM6 expression in Suit-2 cells at 72 hours after transfection ( Figure 3 , F and G). The control siRNA did not affect cell viability and apoptosis induction at the concentration used in the present study (data not shown). We then tested whether downregulation of CEACAM6 by siRNA could enhance the cytotoxicity of adenovirus in tumor cells endogenously expressing CEACAM6. Suit-2 cells were transfected with CEACAM6-specific siRNA or control siRNA for 72 hours prior to infection with wild-type adenovirus for a further 72 hours. The amount of cell death of Suit-2 cells after adenovirus infection at MOI of 50 and 100 increased at least 2-fold following pretreatment with CEACAM6-specific siRNA when compared with control siRNA ( Figure 3H ), consistent with the higher adenovirus infectivity ( Figure 3I ) and viral replication ( Figure 3J ). These results demonstrate that downregulation of CEACAM6 by siRNA can enhance the infectivity of adenovirus vector and the potency of oncolytic adenovirus. We therefore propose that CEACAM6-specific siRNA is a potential therapeutic to enhance adenovirus-based therapies. To validate this, we investigated whether restoring CEACAM6 expression after it has been knocked down by siRNA could restore the phenotype of cancer cells to adenovirus. As shown in Supplemental Figure 2 , transfec- tion of a CEACAM6-expressing plasmid into siRNA-knockdown Suit-2 cells elicited rescue of CEACAM6 expression (even if not to 100%) and indeed rescued the phenotype of adenovirus infectivity (Supplemental Figure 2B ). In a time-course experiment (from day 3 to day 10 after transfection of CEACAM6 siRNA into Suit-2 cells), we found that the adenovirus infectivity (measured by GFP expression) and cytotoxicity in Suit-2 cells were rescued with the recovery of CEACAM6 expression over the time course after siRNA transfection (Supplemental Figure 2 , C-E).
CEACAM6 inhibits the adenovirus life cycle by blocking adenoviral cytoplasmic trafficking. Since CEACAM6 expression affects the function of the nonreplicating Ad-GFP virus ( Figure 1D and Figure 3 , D and I), we hypothesized that CEACAM6 might affect phases of adenovirus infection between attachment and early gene expression. (F) Confocal images of stable cells with labeled Ad5 particle (red) and α-tubulin (green) after Ad5 was bound at 4°C for 1 hour and allowed to internalize and traffic to nuclei at 37°C for various times; original magnification, ×600. (G) Quantitation of E1A copy number in the nucleus after Ad5 was bound at 4°C for 1 hour and allowed to traffic at 37°C for 30 and 60 minutes in PaTu8988t-Hyg and PaTu8988t-CEACAM6 cells by qPCR. (H) qPCR quantitation of E1A copy number in the nuclei after Ad5 was allowed to bind at 4°C for 1 hour and allowed to traffic at 37°C for 30 and 60 minutes in control and CEACAM6-specific siRNA-treated Suit-2 cells by qPCR. ***P < 0.001.
We therefore assessed the effect of CEACAM6 on adenovirus attachment, internalization, and movement of viral DNA to the nucleus in tumor cells. As demonstrated in Figure 1 , B and C, CEACAM6 seems not to have affected expression of the adenovirus receptor CAR, an observation further confirmed by the fact that no difference in CAR expression was found between cells engineered to express CEACAM6 and those in which downregulation was achieved by CEACAM6-siRNA, when compared with their respective controls (Supplemental Figure 3 ). qPCR with E1A region primers, as previously described (21) , was used to determine whether CEACAM6 affects the attachment of adenovirus ( Figure 4 , A and B). No difference in adenovirus attachment was seen between CEACAM6-negative cells (PaTu8988t-Hyg) and CEACAM6-expressing cells (PaTu8988t-CEACAM6) or between cells in which CEACAM6 was downregulated by siRNA and their counterparts. Next, we investigated whether CEACAM6 affects adenovirus internalization, since it has been reported that CEACAM6 can regulate integrin expression (22) , which in turn may interfere with adenovirus internalization. To this end, CEACAM6overexpressing or -downregulated cell lines and their controls were incubated with adenovirus for 60 minutes at 4°C. Unbound viruses were removed by washing with ice-cold PBS and cells warmed at 37°C for 10 and 20 minutes prior to the removal of uninternalized adenovirus by subtisilin. The absolute DNA copy number of adenovirus released by subtisilin from cell membrane detected by qPCR ( Figure 4 , C and D) was similar in CEACAM6 expressionmodulated cells and control cell lines. This suggests that CEACAM6 does not affect the internalization of adenovirus, even though CEACAM6 affected the expression of integrin αvβ3 (Supplemental Figure 4 ). Since CEACAM6 expression affected the adenovirus infectivity as assayed by nonreplicating GFP virus (Figure 3 , D and I), we hypothesized that CEACAM6 might affect adenovirus trafficking after internalization. To examine this, we used transmission electron microscopy (TEM) and confocal microscopy to monitor virus trafficking in the 4 CEACAM6 expression-modulated cells. CEACAM6 overexpression blocked adenovirus trafficking after internalization (Figure 4 , E and F), resulting in decreased viral entry to the nucleus. In order to confirm this conclusively and quantitatively, after Ad5 was allowed to attach during incubation at 4°C for 1 hour and then allowed to traffic intracellularly by incubation at 37°C for 30 and 60 minutes, we determined the absolute DNA copy number of Ad5 E1A gene in the nucleus in each of these 4 cell lines. As shown in Figure 4 , G and H, overexpression of CEACAM6 significantly reduced adenoviral entry to nuclei ( Figure 4G) , while downregulation increased it ( Figure 4H ).
CEACAM6 interferes with the Src pathway to disturb the cytoskeleton of cancer cells. Cytoskeletal network proteins such as actin and tubulin act as "highways" to facilitate the trafficking of viral particles to specific destinations (23) . Microtubules play an important role in adenovirus trafficking, and intact microtubules are necessary for successful adenoviral infection (24) . Given that CEACAM6 affects adenovirus trafficking, we investigated whether CEACAM6 affected viral trafficking by interfering with the cytoskeleton. The expression of CEACAM6, F-actin, tubulin, and dynactin was detected by immunofluorescence in the CEACAM6 expression-modulated cells ( Figure 5A ). Overexpression of CEACAM6 altered the organization of cytoskeleton proteins and reduced tubulin and dynactin expression, as confirmed by immunoblotting ( Figure 5B ). In contrast, downregulation of CEACAM6 expression in Suit-2 cells by siRNA increased assembly of cytoskeleton proteins and increased expression of tubulin and dynactin ( Figure 5, A and B) .
To explore the molecular mechanism by which CEACAM6 interferes with the cytoskeleton, we examined the effect of CEACAM6 on the Src pathway, since it is a major pathway involved in cytoskeleton regulation also reported to be affected by CEACAM6 expression (22) . Total Src, phosphorylated Src, and Src activity were compared in CEACAM6-overexpressing cells and their counterparts. Surprisingly, we found that CEACAM6 overexpression in adenovirus-sensitive PaTu8988t cancer cells led to a reduction in phosphorylation of Src on T418 (active site) and an increase in phosphorylation of Src on T529 ( Figure 5C ), with accompanying decreased activity of Src ( Figure 5D ). In contrast, downregulation of CEACAM6 in adenovirus-insensitive Suit-2 cells by siRNA led to an increase in Src activity (data not shown). To confirm further that the CEACAM6-induced decrease in Src activity reduced adenovirus infection by disturbing the cytoskeleton, we used the Src-selective inhibitor PP2 to block Src function and then examined the effect of PP2 on cytoskeleton. PP2 treatment resulted in decreased Src activity by reducing the phosphorylation of Src at T418 ( Figure 5E ) and reduced assembly of cytoskeletal proteins in PaTu8988t cells ( Figure 5F ). Pretreatment of PaTu8988t cells with 10 μM PP2 also resulted in reduced sensitivity to and replication of adenovirus ( Figure 5 , G and H). This suggests that the Src pathway affects adenovirus infection through its action on the cell cytoskeleton. In addition, Src-selective inhibitors may have the potential to employed in antiviral therapy. Given that bronchial epithelium is known to be permissive to adenovirus infection, normal human bronchial epithelial (NHBE) cells were pretreated with PP2 and then infected with wild-type Ad5. PP2 dramatically inhibited adenovirus replication in NHBE cells ( Figure 5I ).
Systemic delivery of CEACAM6-specific siRNA enhances the antitumor potency of oncolytic adenovirus in vivo. First, we determined whether the systemic delivery of siRNA by i.p. injection could reduce CEACAM6 expression and enhance viral replication in a subcutaneous Suit-2 xenograft tumor model (25) . Delivery of CEACAM6specific siRNA by i.p. injection daily for 3 days suppressed CEACAM6 expression in Suit-2 tumors in nude mice ( Figure 6A ). Treatment with control siRNA relative to PBS had no effect on CEACAM6 expression. To assess the effect of CEACAM6-specific siRNA on adenovirus infection in vivo, we employed a live animal imaging system (IVIS 100; Xenogen, Caliper Life Sciences). Pretreatment with CEACAM6-specific siRNA, compared with control siRNA or PBS, enhanced reporter gene expression (P < 0.001) from an adenovirus vector at 24 hours about 3-fold after 1 intratumoral injection of replicating adenovirus vector ( Figure 6B ). However, the reporter gene expression in the CEACAM6-siRNA-pretreated group was just slightly higher than that in the other 2 groups at 48 and 72 hours and declined to a level similar to that in controls thereafter. This suggests that the increased adenovirus infection at 24 hours in CEACAM6-siRNA-treated tumors did not induce more infectious virus to infect neighboring cells because of restoration of CEACAM6 expression. There might be other host factors affecting the penetration of oncolytic adenovirus in vivo. To extend this result to an efficacy study, we established CEACAM6overexpressing xenografts of Suit-2 cancer cells in nude mice and then treated them with siRNA (systemically) or/and oncolytic adenovirus (intratumorally). As shown in Figure 6C , treatment with oncolytic adenovirus alone or control siRNA had no therapeutic effect when compared with the administration of PBS. CEACAM6-siRNA and the combination of control siRNA and oncolytic adenovirus extended the tumor progression-free time, but the difference did not reach statistical significance compared with the control PBS group (P = 0.20). Of all the treatments, only CEACAM6-siRNA plus Ad5 led to significantly prolonged survival, measured as time to tumor progression (P < 0.05).
Discussion
CEACAM6 is a glycosylphosphatidylinositol-linked (GPI-linked) immunoglobulin superfamily member, found principally on neutrophils and some epithelia (26) . There is accumulating evidence that CEACAM6 has functional importance in tumorigenesis, including disrupting tissue architecture and affecting cell polarity, differentiation, anti-anoikis activity, tumor invasion, metastasis, and even chemoresistance (17, 19, 20, 22, 27, 28) . Inhibition of CEACAM6 expression by RNA interference or antibody targeting can inhibit tumor adhesion, growth, invasion, and metastasis, resulting in improved survival of mice with metastases (18, 29, 30) . It was recently reported that CEACAM6 acts as a receptor for adherent-invasive E. coli, supporting the hypothesis that E. coli colonizes the ileal mucosa in Crohn disease (31) . However, little is known about the interaction of CEACAM6 and adenovirus infection. In the present study, we demonstrate, for the first time to our knowledge, that CEACAM6 affects adenovirus infectivity by block-ing adenovirus trafficking via the Src pathway. These findings have important implications for the development of new biomarkers to predict the response of cancer patients to adenovirus-based therapy and new therapeutics to improve the potency of adenovirusbased gene therapy. It is becoming increasingly evident that the expression of host genes determines the efficiency of adenovirus infection and the outcome of adenovirus-based therapeutics. In this study, we found that a common tumor-associated gene, CEACAM6, functionally affected adenovirus infection (Figure 3 ). Our stepwise dissection of the adenovirus life cycle in CEACAM6-modulated cells demonstrated that CEACAM6 does not affect adenovirus receptor expression, attachment, and internalization, but rather affects adenovirus trafficking.
Intact microtubules play a very important role in adenovirus trafficking, since elimination of cytoplasmic dynein microtubule function prevents adenovirus translocation to the nucleus and eliminates the characteristic saltatory dynamic motility of the labeled capsid (24, (32) (33) (34) (35) . In the current study, it was found that overexpression of CEACAM6 can alter the distribution and reduce the expression of cytoskeletal proteins such as tubulin and dynactin, resulting in blockage of adenovirus cytoplasmic trafficking to the nucleus (Figures 4 and 5) . Surprisingly, we found that overexpression of CEACAM6 downregulated Src activity and that the Src-selective inhibitor PP2 can disturb the cytoskeleton and interfere with adenovirus infection. This is contrary to a previous report that CEACAM6 cross-linking increased Src activity (28) . It is known that several GPI-anchored proteins, including CEACAM family members, have no transmembrane or intracellular domains, but they are still able to modulate intracellular signaling events and to influence cell activities. The molecular mechanisms by which CEACAM6 affects Src are yet to be determined. Caveolin-1 acts as an adaptor between GPI and c-Src signaling pathways (36) . It was reported that modulation of c-Src tyrosine kinase activity by CEACAM6 is an acaveolin-1-dependent process (28) , and we found that overexpression of CEACAM6 increased the phosphorylation of caveolin-1 and led to more Csk translocation into the cell membrane of cancer cells overexpressing CEACAM6 (R. Gangeswaran, unpublished observations), consistent with a previous report (37) . These observations imply a possible mechanism by which CEACAM6 interacts with caveolin-1 and Csk and downregulates Src activity. Given that CEACAM6 may interact with multiple signaling pathways that might also have implications in adenovirus infection, further studies are needed to dissect these networks. In addition, whether CEACAM6 affects adenovirus early gene expression and DNA replication after the delivery of the viral DNA core into the nucleus also requires further investigation to determine more effective approaches to enhance the oncolysis of adenovirus and expand our knowledge of the interaction of host cells and adenovirus.
While adenoviral infection normally results in mild illness in humans, more severe effects are seen in immunocompromised patients. Insights into host factors that affect the adenovirus life cycle may result in development of new antiviral drugs directed against cel- lular, rather than viral, targets. In the present study, we found that an Src-selective inhibitor dramatically reduced adenovirus replication in normal epithelial cells, suggesting that Src-specific inhibitors may be effective against adenovirus infections.
RNA interference silences genes with a high degree of specificity and may provide a basis for molecularly targeted anticancer therapy (38) . Systemic administration of CEACAM6-specific siRNA induced suppression of tumor growth, inhibition of metastasis, and improved survival in a human pancreatic cancer animal model (29) but did not show significant antitumor efficacy in the Suit-2 tumor model in our study. In the study by Duxbury et al. (29) , mice were treated with siRNA twice weekly for 6 weeks. In our experiment, we treated the animals with siRNAs for a total of 5 times within 1 week (3 times before the first injection of oncolytic adenovirus, then 1 injection each before the second and third administration of oncolytic adenovirus) because we wished primarily to investigate whether downregulation of CEACAM6 expression could enhance the antitumor potency of oncolytic adenovirus, based on the proposed mechanism of effects on adenovirus trafficking. The combination of CEACAM6-specific siRNA and oncolytic adenovirus significantly prolonged the survival of mice with Suit-2 xenografts when compared with monotherapy, despite a low efficiency of siRNA delivery, with just 40% suppression of CEACAM6 expression in vivo. Other delivery methods, such as combining siRNA with polymers or lipidoids, may improve delivery (39) . CEACAM6 inhibition has the potential to improve adenovirus-based gene therapy.
Taken together, the results of the present study have identified CEACAM6 as a new tumor-associated gene that affects the infectability of cancer cells to adenovirus vector. There are important implications for CEACAM6 and CEACAM6-associated signaling pathways as potential targets for the development of new biomarkers to predict the response of patients to adenovirus-based gene therapy and new therapeutics to enhance the efficacy of adenovirus-based gene therapy.
Methods
Cell lines and cell culture. The pancreatic cell lines used are listed in Table 1 . The human lung cancer cell line A549 and HEK cells (a subclone named JH-293 was used in the study) were obtained from the Cancer Research UK Central Cell Service (Clare Hall). All cell lines were grown at 37°C with 5% CO2. All cells except Capan-2 and HPDE were maintained in DMEM supplemented with 10% FBS, 50 μg/ml streptomycin, and 50 μg/ml penicillin. Capan-2 cells were maintained in McCoy's modified medium (ATCC) with 10% FBS, and HPDE cells were maintained in keratinocyte serum-free medium (Gibco, Invitrogen) supplemented with 5 ng/ml EGF and 0.1 mg/ml bovine pituitary extract.
Establishment of CEACAM6-expressing stable cell lines. PaTu8988t and HCT116 cells were seeded at 1 × 10 6 per 10-cm-diameter plate and transfected using FuGENE6 (Roche Diagnostics) in a 3:1 ratio with PML1-Hyg or PML1-CEACAM6 (provided by Clifford Stanners, McGill University, Montreal, Quebec, Canada) according to the manufacturer's protocol. The stable cell lines were established following selection with 200 μg/ml Hygromycin B (Invitrogen). The expression of CEACAM6 was induced with 200 μg/ml zinc sulfate (Sigma-Aldrich).
Affymetrix analysis. RNA was isolated from PaTu8988t and PaTu8988s cells using TRIzol solution (Gibco, Invitrogen) following the manufacturer's recommendations. The Affymetrix analysis was performed as previously described (40) by using U133 Plus 2.0 GeneChips.
Viruses. Serotype 5 human wild-type adenovirus Ad5, the replicationdefective Ad5 mutant dl312, and Ad-CMV-GFP nonreplicating adenoviruses were stored, purified, and titrated in our laboratory as previously described (41, 42) . Replicating adenovirus expressing red fluorescent protein was provided by Gunnel Hallden and Daniel Oberg (Institute of Cancer, Barts and The London School of Medicine and Dentistry). For all experiments, except for in vivo imaging, the oncolytic adenovirus indicated is serotype 5 human adenovirus.
Viral infection and replication assay. Cells were seeded in 6-well plates (1× 10 5 to 3 × 10 5 cells/well according to the growth properties of each cell line) and infected with wild-type adenovirus Ad5. Samples were harvested in triplicate at 24-hour intervals up to 144 hours. Viral replication was detected by TCID50 (50% tissue culture infective dose) as described previously (41) .
In vitro cell survival assay. For cell survival assays, 1 × 10 3 to 5 × 10 3 cells were seeded in each well of 96-well plates in 90 μl of medium and 16 hours later infected with Ad5 at a serial dilution. Cell survival was determined by MTS assay (Promega) 6 days after infection, and the EC50 values of wildtype adenovirus in different tumor cell lines were obtained as previously described (41) . All assays were performed at least 3 times, and in each individual assay each concentration of the virus was tested in sextuplicate.
Western blot analysis. Immunoblotting was performed on the following pancreatic cell lines: PaTu8988t, HPDE, Panc1, MiaPaCa-2, Suit-2, PaTu8988s, Capan-1, and Capan-2. Total protein lysate (15 μg) was size-fractionated on 4%-12% NuPage gradient Bis-Tris Gel (Invitrogen) and blotted onto a nitrocellulose membrane (Millipore) for 45 minutes at 20 V. For immunodetection, the blots were incubated for 45-60 minutes at room temperature with 1:1,000 dilution of mouse monoclonal CEACAM6 antibody (Abcam) followed by 1 hour incubation with HRP-conjugated secondary antibody (Autogen Bioclear). c-Src expression was analyzed using 30 μg total protein with 1:500 dilutions of rabbit anti-Src-529 or rabbit anti-Src-418 or mouse anti-pan-Src (Abcam), followed by 1 hour incubation with appropriate HRP-conjugated secondary antibodies (Autogen Bioclear). Detection of the bound antibody was carried out using ECL Western blotting detection reagents (Amersham Biosciences, GE Healthcare). Anti-actin antibody was purchased from Santa Cruz Biotechnology Inc.
Analysis of CAR expression by FACS. Cells (1 × 10 6 ) of each cell line (including the positive control A549 cell line) were harvested and washed with cold PBS, then blocked with rabbit serum for 30 minutes, followed by incubation for 1 hour on ice with monoclonal antibody Rcmb for CAR (ATCC). Cells were washed with PBS and incubated with a secondary FITC-conjugated rabbit anti-mouse antibody (Dako), then washed and resuspended with 50 μg/ml propidium iodide (PI) in FACS buffer (PBS, 2% FCS, 1 mM EDTA). Cells were then processed through a FACS scanner, and the percentage difference of the mean of the FITC fluorescence intensity between the sample and the matched control was obtained after 20,000 events were scored.
Assessment of infectivity of adenovirus by FACS. For infectivity studies, 1 × 10 5 to 2 × 10 5 cells were seeded in each well of 6-well plates in the normal medium and incubated at 37°C/10% CO2 overnight. Cells were infected with Ad-CMV-GFP or dl312 adenovirus at a MOI of 100 pt/cell for 48 hours, followed by trypsinization and resuspension in FACS buffer with 50 μg/ml PI. The percentage of GFP-positive cells was analyzed after 20,000 events were scored from viable cells.
RNA interference. A 6-well plate was seeded with 1 × 10 5 Suit-2 cells/well in antibiotic-free E4 medium supplemented with 5% FCS. After 24 hours, cells were transfected with Custom SMARTpool CEACAM6 siRNA (Dharmacon, Thermo Scientific) by using DharmaFECT siRNA Transfection Reagent 1 according to the manufacturer's instructions. Experiments were carried out with 50-nM and 100-nM concentrations of siRNA, and the knockdown was monitored by real-time quantitation for mRNA levels and by Western blot analysis for protein levels. For control experiments, siCONTROL Non-Targeting siRNA Pool (Dharmacon, Thermo Scientific) was used under the same conditions.
For virus killing experiments, the siRNA experiments were performed in 24-well plates with 5 × 10 4 cells/well. After 72 hours of siRNA transfections, cells were treated with Ad5 adenovirus at MOI of 0, 50, 100, and 200 in E4 containing 5% FCS. The cells were incubated for 72 hours, and MTS assays were performed as described above. The control and the CEACAM6 siRNA experiments were carried out in separate wells of the same plate. Three separate experiments were carried out, each in duplicate.
Real-time PCR for quantitation of CEACAM6. qPCR was carried out using the Applied Biosystems 7500 Real-Time PCR System and the TaqMan 5′ nuclease assay (Applied Biosystems). Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacture's protocol. The cDNAs were synthesized from 1 μg of total RNA using a MultiScribe kit (Applied Biosystems) with random hexamers. TaqMan reactions were performed in triplicate using TaqMan PCR master mix (Applied Biosystems) with 10 ng/μl cDNA per reactions. Primers and probes were purchased from Applied Biosystems (Hs00366002_m1 for CEACAM6 [80-bp amplicon] and 4319413E for 18S endogenous control). Negative controls were run to ensure that no amplification occurred in the absence of cDNA. CEACAM6 and 18S assays were run in a multiplex reaction. Single and multiplex standard curves were produced with target and endogenous genes to test reaction efficiency of the assay. The standard curve was produced by using a 5-fold serial dilution of universal reference RNA (Stratagene). Data were analyzed using Sequence Detection Software version 1.3 (Applied Biosystems). The relative expression was normalized to A549 values.
TaqMan qPCR assay for Ad5 binding, internalization, and trafficking to the nuclei. All steps were carried out with PBS buffer containing 1% BSA. Appropriate cells were suspended (2 × 10 5 in 100 μl) in test tubes and incubated with 100 μl of buffer alone or buffer containing Ad5 (5,000 virus particles/cell) at 4°C with vigorous shaking for 1 hour. For the binding assay, the cells were washed 3 times with cold buffer to remove unbound virus particles and collected for total DNA preparation using the QIAamp DNA Blood Mini Kit (QIAGEN). For internalization assays, the washed cells were placed at 37°C for various intervals, the attached but uninternalized viral particles were removed with 2 mg/ml subtisilin (Sigma-Aldrich), and the samples were collected for DNA preparation. Nuclear fractions were separated using the NE-PER nuclear and cytoplasmic kit from Pierce (Thermo Scientific). The viral genome copy number was determined using TaqMan quantitative real-time PCR with E1A primers, as described below.
Quantitative PCR was carried out using the Applied Biosystems 7500 Real-Time PCR system and the TaqMan 5′ nuclease assay (Applied Biosystems). E1A TaqMan reactions were performed in triplicate using TaqMan PCR Master Mix (Applied Biosystems) with 10 ng DNA per reaction. Primers were purchased from Sigma-Aldrich (E1A, 5′-TGTACCGGAGGTGATC-GATCT-3′; E1A, 3′-TCGTCACTGGGTGGAAAGC-5′) and the probe from Applied Biosystems (E1A probe, VIC-ACCTGCCACGAGGC-MGB) to give a 57-bp amplicon. Negative controls were run to ensure that no amplification occurred in the absence of DNA. Multiple standard curves were produced with target (Ad5 pure viral DNA) to test reaction efficiency and reproducibility of the assay. An absolute standard curve with a dynamic range of 5 × 10 6 to 5 × 10 2 E1A copies was produced. Data were analyzed using Sequence Detection Software version 1.3 (Applied Biosystems). All experiments were repeated at least 3 times.
TEM analysis. Appropriate cells were suspended in PBS buffer containing 1% BSA (1 × 10 6 in 100 μl) in test tubes and incubated with 100 μl of buffer alone or buffer containing Ad5 (10,000 virus particles/cell) at 4°C with vigorous shaking for 1 hour. The cells were washed 3 times with cold buffer to remove unbound virus particle and placed at 37°C for various time intervals, then washed 3 times with phosphate buffer and fixed in phosphatebuffered 4% glutaraldehyde for a minimum of 2 hours. The cells were pelleted at 420 g for 5 minutes, and the pellets were mixed with 2% agarose at 80°C and allowed to cool to room temperature. One-millimeter cubes were excised from agarose and placed in phosphate buffer overnight. After primary fixation in glutaraldehyde, specimens were postfixed in osmium tetroxide and dehydrated in a graded series of industrial methylated spirits (IMS) alcohol. The IMS alcohol was then cleared with propylene oxide and tissue blocks gradually infiltrated with Araldite. Ultrathin sections were post-stained with uranyl acetate and lead citrate and imaged with a JEOL JEM 1230 electron microscope fitted with a Soft Imaging Solutions Morada digital camera (Olympus).
PP2 treatment. For PP2 (obtained from Merck Chemicals Ltd.) treatment, 5 × 10 4 cells/well were plated into 24-well plates. After 24 hours, cells were exposed to 10 μM PP2, which has been shown previously to potently inhibit c-Src activity in BxPC3 cells (19, 20) , for 2 hours prior to performing further assays. DMSO served as a vehicle control.
In vitro c-Src tyrosine kinase assay. c-Src tyrosine kinase activity was determined in triplicate using a commercially available kinase assay kit (Sigma-Aldrich), according to the manufacturer's instructions. c-Src immunoprecipitates (20 μg total protein) were prepared from cell lysates using anti-c-Src monoclonal antibody (Autogen Bioclear) immobilized onto protein G-Sepharose beads (Invitrogen). Immunoprecipitates were washed and dissolved in tyrosine kinase buffer (final solution containing 0.3 mM ATP) and incubated for 30 minutes in 96-well plates coated with tyrosine kinase substrate solution (poly-Glu-Tyr). Phosphorylated substrate was quantified by chromogenic detection using HRP-conjugated anti-phosphotyrosine antibody. Optical densities were determined at 492 nm using an Opsys MR (Dynex Technologies Ltd.). c-Src kinase activity was compared with an EGFR standard.
Conjugation of fluorescent dye to adenovirus particles. The Alexa Fluor 555 carboxylic acid, succinimidyl ester (Invitrogen), was conjugated to our Ad5 stock using a protocol identical to that described previously (43) , except that we labeled wild-type adenovirus instead of nonreplicating adenovirus vector.
Infection of cells with fluorophore-labeled Ad5. Monolayers of stable cell lines PaTu8988t-Hyg and PaTu8988t-CEACAM6 were grown in chamber slides (10,000 cells/well) with E4 and the supplements as mentioned above. The next day, the slides were incubated at 4°C for an hour before infection with labeled Ad5, and the medium was replaced with fresh infection medium (E4 plus labeled Ad5 at a concentration of 1,000 pt/ml) and incubated at 4°C for an hour to allow the virus to bind to the cells. After an hour of cold incubation, the cells were washed twice with cold PBS, which was then
